We present the possibility that the seesaw mechanism with thermal leptogenesis can be tested using the stochastic gravitational background. Achieving neutrino masses consistent with atmospheric and solar neutrino data, while avoiding non-perturbative couplings, requires right-neutrinos lighter than the typical scale of grand unification. This scale separation suggests a symmetry protecting the right handed neutrinos from getting a mass. Thermal leptogenesis would then require that such a symmetry be broken below the reheating temperature. We enumerate all such possible symmetries consistent with these minimal assumptions and their corresponding defects, finding that in many cases, gravitational waves from the network of cosmic strings should be detectable. Estimating the predicted gravitational wave background we find that future space-borne missions could probe the entire range relevant for thermal leptogenesis.
INTRODUCTION
The discovery of masses and mixings of neutrinos [1] marked the first robust evidence for physics beyond the Standard Model (SM) of particle physics. Interestingly, the masses are much smaller compared to those of the other elementary matter particles. It has become a pressing question how to understand the finite yet tiny neutrino masses theoretically.
Arguably, the most popular mechanism to explain the smallness of the neutrino masses is the so-called seesaw mechanism [2] [3] [4] as it explains two puzzles simultaneously: tiny neutrino masses and origin of the asymmetry between matter and anti-matter in the Universe. In its simplest incarnation, the Type-I seesaw, new SMsinglet fermions (right-handed neutrinos, N ) are introduced whose masses are much higher than the electroweak scale -a natural possibility as they are not forbidden by any symmetry. If the right-handed neutrino mass (M R ) is below the reheating temperature of the universe, they will quickly be produced after inflation. Right handed neutrinos are inherently unstable and their eventual decay to a Higgs and a lepton can pick up CP violation in the Yukawa couplings, resulting in a preferential decay into anti-leptons. Subsequently, the anomalous violation of baryon and lepton numbers in the Standard Model partially converts the negative lepton asymmetry to the positive baryon asymmetry. This scenario is called thermal leptogenesis [5] . The existence of right-handed neutrinos is further natural when the Standard Model gauge groups are unified into an SO(10) grand unified theory. Here and below, whenever we refer to the seesaw mechanism, it is meant to be Type-I seesaw together with thermal leptogenesis.
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Inflation that wipes out magnetic monopoles The schematics of possible symmetry breaking leading to thermal leptogenesis. We require there is a symmetry that forbids the mass of right-handed neutrinos, so that righthanded neutrinos are produced below the reheating temperature. We may or may not assume unification into a semisimple group. Any breaking patterns that produce magnetic monopoles need to be wiped out by inflation. The resulting topological defects are coded by colors. One type of magnetic monopole (magenta), two types of magnetic monopoles (red), domain walls (purple), texture (brown), and cosmic strings (blue). See also Table I for more details.
Unfortunately, the seesaw mechanism is notoriously difficult to test experimentally. For successful thermal leptogenesis, the right-handed neutrino mass must be above 10 9 GeV (see, e.g., [6] ), and cannot be tested by terrestrial experiments.
1 Therefore conceivable tests of the seesaw mechanism rely on circumstantial evidence, such as neutrino-less double beta decay [12] , CP violation in neutrino oscillation [13, 14] , structure in the mixing matrix [15] , or indirect constraints relying on vacuum meta-stability [16, 17] . It is therefore highly desirable to find other evidence to test the neutrino sector. For the seesaw mechanism to have at least one neutrino with mass m ν 0.1 eV and the Yukawa coupling remaining perturbative below the grand unification (GUT) scale, the right handed neutrino masses cannot be arbitrarily large giving the rough bound: M R 10 15 GeV. This scale is parametrically lower than the Planck scale or a possible GUT scale (typically chosen to be V ∼ 10
16 GeV) and suggests a possible symmetry that forbids the mass of the right-handed neutrinos. Assuming there are no large mass hierarchies among the right handed neutrinos, leptogenesis requires the Hubble scale during inflation to be above this scale and hence predicts a phase transition. If this phase transition leads to formation of topological defects, we expect stochastic gravitational wave from dynamics of the defect network (See Fig. 1 for an illustration).
In this Letter, we point out that the stochastic gravitational waves from the cosmic string network is quite a generic prediction of the seesaw mechanism. We enumerate all possible symmetries that could protect the right handed neutrino mass and point out their predicted defect structure. A common possibility seen in different breaking structures is the persistence of a cosmic string network. We compute the gravitational wave spectrum and compare with projections from future space missions, finding that such experiments could probe most of the parameter space necessary for thermal leptogenesis.
SYMMETRY BREAKING PATTERNS
We begin by showing that the cosmic string network is a generic prediction of the seesaw mechanism when B −L is broken spontaneously, rather than explicitly. For this purpose, we classify all possible symmetry breaking patterns.
We require that there is an extended gauge symmetry G which forbids the mass for the right-handed neutrinos, is flavor-blind, and is broken below the Hubble scale during inflation to allow for leptogenesis. As a minimalist approach, we consider gauge symmetries that are at most rank 5 and are non-anomalous with only the standard-model fermions and right-handed neutrinos. We also require that the symmetry breaking temperature is below the seesaw scale [7] and lower again if there is a mass degeneracy [8] or a fine tuning [9] . The scale of supersymmetric leptogenesis can also be lower [10, 11] .
, does not lead to magnetic monopoles, allowing the symmetry breaking to occur below the inflationary scale. With these assumptions,we find that there is only a finite set of possible gauge groups:
For the first case, Z N is a discrete subgroup of the U (1) B−L gauge group, and the right handed neutrino mass is forbidden for N ≥ 3. For instance, it could be the Z 4 center of SO (10). G B−L is the extension of the SM to B − L which forbids the right handed neutrino mass as they carry lepton number, and
, where now the right handed neutrino mass term would transform under the SU (4) PS . The last case is often called flipped SU(5) [19] and here the right handed neutrinos are charged under the new U (1). Note that all of the above can be embedded into a unified SO (10) gauge group. On the other hand, one can also ask the question whether there can be a discrete gauge group below the mass scale of right-handed neutrinos. By requiring that the discrete gauge group is non-anomalous under SU (3) C , SU (2) L , and gravity, one can show that the only possibility is the matter parity Z 2 that flips the signs of all quarks and leptons but nothing else. Namely, the symmetry breaking pattern is either
Whether the matter parity remains unbroken depends on the representation of the Higgs field that generates the mass of the right-handed neutrinos.
2
When G is further embedded into larger groups such as SO (10), topological defects may be unstable. For instance, when G N is embedded into a connected group such as SO(10) or G B−L , the domain wall is unstable against the spontaneous creation of a string loop via quantum tunneling. There, the string loop grows to destroy the entire wall. Similarly, when G B−L is embedded into a simply-connected group such as SO(10) or G PS , the string is unstable due to the spontaneous paircreation of a monopole and an anti-monopole. This cuts the string, which shrinks and disappears. We explore these effects further below.
We now study the stochastic gravitational wave background predicted by breaking patterns which induce cosmic strings. The gravitational wave spectrum has been studied in [20] as a consequence of G B−L , including hybrid inflation based on the same gauge group as well as supersymmetry, in particular the gravitino problem. As we noted here, the cosmic string network is far more general. On the other hand, the consequences of inflation and supersymmetry are more model-dependent, and we focus on the symmetry breaking alone.
GRAVITATIONAL WAVES FROM STRINGS
The stochastic gravitational wave prediction from a cosmic string network has been highly controversial. A conventional estimate relies on Nambu-Goto string, an approximation where the string is infinitely thin with no couplings to particles [21] . In this case, the numerical simulations are tractable over a large range of distance scales and hence frequencies of gravitational waves. There is additional uncertainty in the loop length (l i ) at the time of formation (t i ) which is normally taken to be a linear relation: l i = αt i . The parameter α has a peaked distribution in both radiation and matter domination ranging from 0.01 − 0.1 [22] .
Unfortunately, there has been major disagreements whether the particle production dominates the energy loss over that from gravitational wave emission. Simulations based on Nambu-Goto strings cannot address this question. If particle production dominates [23] , the resulting stochastic gravitational wave background is suppressed by the quadratic power in Gµ [20] (where G is Newton's constant and µ is the string tension and roughly given by the square of the symmetry breaking scale, µ ∼ v 2 ). Recent work in [24] did extensive numerical simulations with the abelian Higgs model and found that the particle production is only important for extremely small loops, and hence the gravitational wave is the dominant mechanism for most situations. The present study is only for the BPS string (the critical point where the gauge boson mass is equal to the Higgs mass of the symmetry breaking scalar) but we suspect there is no qualitative change for non-BPS strings, as both the Higgs and gauge bosons are massive. On the other hand, the gravitational wave emission may be further enhanced if the difference between the gravitational radiation scale and gravitational back reaction scale is considered (see, e.g., [25] ). This possibility is under active study [26] . We assume the dominance of the gravitational wave emission in this paper, but emphasize that the discrepancy among various estimates needs to be settled before concrete predictions can be made.
To estimate the gravitational wave emission we follow the strategy employed in [27] which assumes large loops are produced with a spectrum sharply peaked at a given α, which we fix to be 0.05, and a fraction of energy released in the form of GW of F α 0.1. The energy density (Ω GW ) per unit log f (where f is the frequency) can be derived for each string normal-mode, k (see [27] for more details),
where τ a ≡ t a /t F , t F is the time the cosmic string network reaches the scaling regime (shortly after symmetry breaking), C eff = 0.5 (5.7) in matter (radiation) domination, Γ
Γk −4/3 /3.6 is a dimensionless constant which parameterizes the emission rate per mode, Γ 50, Θ is the Heaviside theta function which restricts string production till after formation of the scaling regime, a is the scale factor, and ρ c is the critical density.
We present the stochastic gravitational wave background for different symmetry breaking scales assuming a simple radiation domination to matter domination cosmology in Fig. 2 . The flat scale invariant contribution arises from radiation domination and remains all the way up to frequencies beyond expected future capabilities. The additional bump at lower frequencies arises during matter-domination. Interestingly for lower breaking scales future detectors tend to be most sensitive to this second, often neglected, contribution. For comparison we show the projected sensitivity from future gravitational wave experiments using Square Kilometer Array [28] , Laser Interferometer Space Antenna [29] , Big Bang Observer [30] , DECi-hertz Interferometer Gravitational wave Observatory [31] specifications, Einstein Telescope [32] , and Cosmic Explorer [33] .
The projections shown here would test all breaking patterns given in Table I that predict cosmic strings. In computing the spectrum we employed the approximation that µ ∼ v 2 however for a particular symmetry breaking pattern this would change by an O(1) factor and hence would shift the curves in Fig. 2 by this same O(1) factor up/down. Nevertheless, since v 10 10 GeV can be firmly tested by future experiments, such missions can probe almost the entire range relevant for thermal leptogenesis.
In principle, one could learn about the specific dynamics of leptogenesis using the cosmic string network. If leptogenesis takes place in the weak washout regime, the right handed neutrinos may dominate the energy density of the universe inducing an early period of matter domination which would be imprinted onto the GW spectrum [27] . Furthermore, they would dump entropy into the SM, diluting the present energy density of strings at the time of decay. While intriguing, in order for this to be observable with currently proposed detectors would require this period to last until temperatures of order the electroweak scale, outside of typical parameters required for leptogenesis and we do not consider it further here.
UNSTABLE DEFECTS
When G B−L is embedded into simply-connected groups such as SO(10) or G PS , and is broken to G SM without the matter parity, there cannot be a stable string. The strings are not stable against pair creation of a monopole and anti-monopole that can cut a string into two halves [34] . This is a tunneling process and is suppressed when the string symmetry breaking scale, v is parametrically lower than the unification scale, V . Once the string is cut, the string tension quickly pulls monopoles at the two ends together forcing them to annihilate. However, this process is exponentially suppressed and if the string network is sufficiently long-lived we can expect gravitational waves.
The tunneling rate can be estimated semi-classically resulting in a rate of breaking per unit length [35] ,
where m is the mass of the monopole and g denotes the gauge coupling.Here we attempt only an order of magnitude estimate. The mass of a 't Hooft-Polyakov magnetic monopole [36, 37] for SO(3)/SO(2) is m = 4πV /g in the BPS limit [38, 39] , and larger by an O(1) constant otherwise. On the other hand, for an abelian string in the BPS limit, both the gauge boson and Higgs mass are ev and the string tension is µ = 4 3 πv 2 (see, e.g., [40] ). For realistic groups there are O(1) group theory factors which we ignore. We also ignore the running of the gauge coupling constant between two scales. The string network survives down to the Hubble rate
We make an assumption that a typical length of a string is of the Hubble size ∼ H −1 . This gives,
In principle, this could provide a lower cutoff on frequencies today to the frequency spectrum of GW (see, e.g., Fig. 7 of [41] ) and provide additional emission from bursts when the string self destructs [41] . However, we see that even for a small separation between V and v, there is a large exponential suppression in the rate and we can neglect this process. Therefore the string network is expected to survive, giving us the stochastic gravitational wave signal discussed in the previous section. Similarly, if G disc is embedded inside a continuous group, then domain walls will be unstable against the creation of a string. In this case, the observation of radiation domination at Big-Bang Nucleosynthesis requires the tunneling process to be fast enough to destroy all the domain walls by temperatures of order an MeV. We leave this interesting case for future study.
ADDITIONAL SOURCES
In addition to the cosmic string network, there are also potential contributions to the stochastic gravitational waves from texture and first-order phase transitions. It is well known that textures can arise from breaking of a global symmetry [42] . The produced gravitational wave spectrum is scale invariant and the peak amplitude is controlled by the seesaw scale, v. Thus textures provide a unique probe of high scale physics. Furthermore, the breaking of a local symmetry can also lead to a gravitational wave spectrum arising from gauged textures [43] . For local textures, the gravitational wave spectrum is not scale invariant because the gauge field configuration cancels the gradients of the scalar field on large scales. The spectrum then has a cutoff of independent of v. In the absence of a higher frequency probe of gravitational waves, 3 local textures do not provide a useful test of the seesaw paradigm.
For a first order phase transition, the gravitational wave spectrum obeys a broken power law, such that detectors are only sensitive to the spectrum near the peak frequency. The peak frequency is controlled by the temperature at the end of the transition and the inverse transition time. Assuming modest super-cooling, the acoustic source has a peak frequency [44] f peak ∼ 0.5 Hz
where T * is the temperature at the end of nucleation. For the seesaw scale, the range of peak frequencies predicted by a high scale B − L phase transition is much bigger than what any currently-planned gravitational wave observatories will cover. We note that in principle, a highly super-cooled transition can have a peak frequency several orders of magnitude lower due to two different effects. Firstly, super-cooling increases the duration of the phase transition leading to larger bubbles whose collisions emit lower frequency gravitational waves and secondly in such a scenario the temperature the phase transition takes places is significantly lower than the breaking scale, T * v. In principle, if T * v/10 high frequency gravitational wave experiments are sensitive to the lower range of parameter space v ∼ 10 9 GeV. Some work has done in this direction [45, 46] , however, for a more generic probe of phase transitions from the seesaw scale, high-frequency gravitational wave detectors are required. Such a detector provides a unique tool to uncover physics at very early Universe, and hence should be pursued.
CONCLUSION AND OUTLOOK
Thermal leptogenesis through the type I seesaw mechanism gives an elegant and minimal explanation for two outstanding puzzles in the standard model. Unfortunately, the scale of physics is naturally well beyond what we can directly test on Earth. Given the fundamental nature of these puzzles, indirect tests of thermal leptogenesis are of great value and we propose cosmic strings as a powerful probe of the paradigm. Our argument is based on the simple observation that the right handed neutrino mass necessary to explain the observed neutrino masses is below the Planck or a possible grand unification scale. This suggests that some symmetry survives below to these scales to protect the right handed neutrino mass. Since successful leptogenesis requires the breaking of this symmetry to be below the scale of inflation, its breaking can be observed through its predicted cosmological defects. We show that cosmic strings often appear through the breaking of this symmetry predicting a spectrum of stochastic gravitational waves and, given our best estimates of the GW signal, future detectors are expected to probe the entire mass range relevant to the paradigm of thermal leptogenesis. While uncertainties in the gravitational wave spectrum produced by cosmic strings persist, settling this theoretical uncertainty will make GW detectors a robust probe of thermal leptogenesis.
Once the spectrum of the stochastic gravitational wave is mapped out, we should be able to remove any contributions from astrophysical sources peaked at specific frequencies. A cosmic string network predicts a nearly scale-invariant spectrum over many decades and would be clear indication of a symmetry broken at a high scale, with the amplitude and cutoff corresponding to the symmetry breaking scale. If such a spectrum is discovered and falls into the energy scales relevant for the seesaw mechanism and leptogenesis, it would provide intriguing hints of dynamics in the lepton sector at high scales.
